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Abstract

K-shell emission from copper target was observed by focusing femtosecond laser pulses very close to the target surface-air
interface. It was shown that mechanism of X-ray emission is connected with generation of fast electrons in the air plasma
area. Experiments demonstrated that moderate intensity of laser radiation (IL , 1015 W/cm2) was enough to produce
considerable flux of X-ray photons of at least 10 keV energy. The parameters of generated X-ray emission were
studied. It was found that after propagation through 40 cm thick air layer X-ray spectra consisted of pronounced Ka

and Kb characteristic lines and relatively small Bremsstrahlung continuum. Since transversal source size has an order
of a few tens of micrometers, such a source can be used for absorption imaging of micro-objects in standard laboratory
conditions. That can be particularly important for diagnostic of medical and biological samples in vivo.
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INTRODUCTION

Development of nondestructive diagnostic techniques for
study of low-contrast micro-objects is of particular impor-
tance for materials science, medicine, and high energy
density physics, as well as for a number of physical and
technological applications. X-ray radiography imaging is a
universal technique, which allows to study objects with com-
pletely different chemical composition and spatial dimen-
sions. Radiography techniques are extensively used for
determination of internal structure of different objects using
conventional two-dimensional absorption imaging, promis-
ing phase-contrast imaging, or tomography techniques
(Toth et al., 2007). These days, sources are developed to
cover entire X-ray spectral range. Study of massive objects
demands application of hard X-ray radiation (E . 15 keV),
while X-ray-ultraviolet and soft X-ray radiation is better
suited for diagnostics of submicron thick objects (Calegari
et al., 2007). Naturally, X-rays of intermediate energies
(E � 5–12 keV) can be effectively used for the study of

millimeter and submillimeter scale samples (Martz et al.,
2007). Apart from synchrotrons, compact imaging devices
based on conventional anode tubes or microfocus tubes
(Wilkins et al., 1996) are being used for imaging in this spec-
tral range. Even though X-rays in the 8–10 keV spectral
regions can be used for radiography in the air atmosphere,
microfocus X-ray tubes intrinsically require ultrahigh
vacuum chamber in order to accelerate electron beam. At
the same time another potential medium for generation of
X-rays and acceleration of particle exists, namely ultrafast
laser plasma. Depending on laser type and target, X-ray
photons were observed in wide spectral range (Fukuda
et al., 2004, 2008; Hong et al., 2009; Ewald et al., 2002;
Jiang et al., 2003; Zhavoronkov et al., 2005; Chakera
et al., 2008) as well as electrons and ions accelerated to con-
siderable energies (Repsilber et al., 2005, Roth et al., 2006,
Faenov et al., 2007, Láska et al., 2009).

The plasma emittance grows upon the increase of electron
temperature and density. In order to get an effective X-ray
source, it is necessary to create very dense plasma. That is
why usually ultrashort intense laser pulses are focused onto
the solid targets in vacuum, where the absence of gas atmos-
phere allows focusing laser beam in to focal spot of several
wavelength diameters and to reach 1017–1019 W/cm2 laser
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intensities. While this approach allows obtaining very bright
(almost point) sources of soft and hard X-rays, it demands
relatively high laser energy of several mJ and a vacuum
device supplement.

Recent experiments (Hou et al., 2008, Fourment et al.,
2009; Gordienko et al., 2007) demonstrate that the interaction
of short intense laser pulses with a target can lead to gener-
ation of X-ray radiation even when a target is situated in
room atmosphere. However the process of laser propagation
and focalization in ambient gas and following X-ray gener-
ation becomes quite more complicated. The use of micro
objective allows creating the plasma area in air very close
to solid target surface. In this case, at least some part of the
laser radiation is able to penetrate through air plasma,
which is enough to create dense hot plasma at solid target
surface as a source of X-rays. At the same time, air plasma
itself can be considered as a source of fast electrons providing
another mechanism of X-ray photon generation at solid target
surface. Due to the second mechanism, it can be expected
that X-ray source of characteristic radiation will be provide
by laser intensity below 1015 W/cm2

This way, the more compact and convenient X-ray source
can be provided for radiography applications operated in air
conditions employing just femtosecond laser pulses of the
0.1 mJ energy level. Other advantages of this air based radi-
ography source are the rapid and trouble-free setup of the
investigated object, debris free operation, as well as the
ability to study a living sample or species existing in a
water solution.

The purpose of this work was to study the following
points: (1) what is the mechanism of X-ray generation
during the interaction of ultrafast ultraintense laser pulses
with the solid targets in air atmosphere and (2) can such
X-ray source be applied to the table top radiography of the
millimeter and submillimeter scale objects in standard lab-
oratory conditions, supposing that plasma is driven by ordin-
ary femtosecond laser system.

EXPERIMENTAL SETUP AND DIAGNOSTIC
TECHNIQUES

Experimental scheme is shown in Figure 1. Ti:Sapphire laser
consisting of oscillator and single amplification stage pro-
duced 40 fs pulses with maximum energy of 600 mJ at
1 kHz repetition rate. No additional devices for enhancement
of contrast were used so that laser pulses of the basic fre-
quency (l ¼ 1064 nm) had contrast of 103 at the main
pulse pedestal, 106 in the picosecond scale prepulse, and
103 with respect to nanosecond prepulse. The temporal
profile of the pulse was measured by a third-order autocorre-
lator. Laser beam of 12 mm diameter was focused by micro-
focus objective with NA ¼ 0.4 at the target surface with
incidence angle of 458. Cylinder-shape copper target was
polished to �1 mm roughness before each experiment and
continuously rotated and shifted during the experiment.
Laser energy was controlled by calibrated photodiode.

Intensity distribution in the focal spot was measured for the
laser energy below ionization threshold in air. It had
Gaussian shape with the 3 mm diameter at the 1/e intensity
level. Experiments were carried out with laser energies
below 100 mJ, so that the maximum intensity in the focal
spot was on the order of 1015 W/cm2. The dimensions of
air plasma filament were measured by imaging system and
found to be 10 mm in the direction transversal to the laser
pulse axis and of 100 mm in the longitudinal direction.

The creation of laser plasma in air was studied in dynamics
experimentally and theoretically for 1014 -1015 W/cm2

(Koga et al., 2010) and �1016 W/cm2 (Bukin et al., 2006)
femtosecond laser intensities. Three stages of air laser micro-
plasma formation were emphasized. Initially, the laser pulse
ionizes the air and creates relatively cold plasma. It is resulted
in the creation of plasma filament with transversal size corre-
sponding to laser caustic. Then, the plasma is heated and the
filament expands due to the effective laser-plasma interaction
continues up to the falling front of laser pulse. Next, the
plasma filament expands freely and reaches about 10 mm
diameters at 1 ps after the laser pulse of 1016 W/cm2

(Bukin et al., 2006). This estimation corresponds exactly to
the size of plasma radiation area measured in our exper-
iments. Note that deeply ionized microplasma is created at
the moment of the laser interaction with the gas matter.

For characterization of X-rays emitted by the plasma, we
used back-illuminated charge couple device (CCD) detector
with array size of 1300 × 1300 pixels and 20 mm pixel size.
CCD was set to observe the plasma source in the direction
close to the normal incidence on the target. Single photon
counting regime for CCD was employed in order to
measure X-ray emission spectra. Source size was measured
using the penumbra effect observed in the images of test

Fig. 1. Sketch of the experimental setup: 1 – microobjective, 2 – rotated
and shifted bulk copper cylindrical target, 3 – air plasma induced by
focused laser pulses, 4 – test or investigated object, 5 – X-ray detector
(CCD).
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phantoms consisting either of parallel wires, or knife-like
edge, or 30 mm pinhole.

X-RAY GENERATION

In a typical case, X-ray plasma emission is generated by two
mechanisms. On the one hand, hot electrons generated in the
plasma penetrate into the cold part of the target and create
characteristic radiation. On the other hand, plasma itself pro-
duces X-ray emission due to transitions in multi-charged
ions.

Let us consider the case where the laser is focused in air
environment and the laser intensity exceeds air breakdown
threshold (IL � 1015 W/cm2). Such laser radiation will
create air plasma area near the surface of the main target.
This way, the overall mechanism of X-ray generation
becomes more complicated and can be connected with fast
electrons generated in the air plasma area.

The spectrum of generated plasma emission strongly
depends on the mechanism of X-ray generation. In the first
case of the very intense laser pulses, one can expect conti-
nuum Bremsstrahlung and photorecombination emissions
with pronounced line spectrum, resulting from the transitions
in the multi-charged ions. In the second case of the moder-
ately intense laser pulses, the spectrum will resemble one
of X-ray tubes and will consist of Bremsstrahlung continuum
and characteristic lines.

First set of experiments was carried out to determine what
physical mechanism is responsible for the X-ray generation.
For the purpose of spectrum measurements, the exposure
time was selected to assure that the CCD operates in single
photon counting regime. The aperture of the camera was
always protected from visible and ultraviolet light by 15 mm
thick aluminum filter. Lowest energy detection threshold
was further increased by setting the CCD camera at larger dis-
tance from the target. The minimum distance between the
target and CCD was 20 cm, so that the detection threshold
was about 2.5 keV due to ambient air absorption. Thus,
Bremsstrahlung radiation, which had maximum at 3–4 keV
depending on laser energy, was significantly attenuated by
air. Moreover, the ratio between the Cu Ka line intensity
and the continuum emission level increased dramatically.

The measured spectra obtained with 100 mJ laser pulse
energy are shown in Figure 2. The target surface was
renewed with the speed of 10 mm/s due to continuous
target rotation. Unfortunately, the speed was not fast
enough for the complete target renewal before each
ongoing laser shot with 1 kHz repetition rate. So, the inter-
action regions of successive shots partially overlapped,
which decreased average source emittance.

Sufficient characteristics of the X-ray yield were measured
at 2 × 106 photons/s/sr in the Ka line and 2 × 105 photons/
s/sr in the Kb line. These values correspond to the conver-
sion efficiency of 1028. Note that in the similar experiment
(Nagao et al., 2004) carried out with picosecond pulses of
much higher (three order of magnitude) energies, but with

the laser intensity of about 1013 W/cm2, only 3 × 103

photons/s/sr were registered.
The X-ray yield measured for different laser energies

varied from 5 mJ to 100 mJ. The magnitude of the total
X-ray yield, in the energy range E . 3 keV, had almost
linear dependence on laser intensity (Fig. 3). On the other
hand, X-ray yield in the Ka and Kb lines was almost negli-
gible at below 70 mJ energy and rapidly increased above
this value. It was found that the X-ray emission zone size,
however, did not depend on the energy and had diameter
of 60 mm measured at full width at half maximum level.
Therefore, the large source size (compared with the laser
focal spot or air plasma filament of 10 mm diameter) is con-
nected with the following three occurrences: (1) the fast elec-
trons from the air filament propagate not only in forward
direction, (2) instability of the laser plasma in air, and (3)
beating of the target axis changes source position.

Fig. 2. X-ray spectra of the laser plasma source measured by CCD camera in
single-photon-counting regime. The detection was made 30 cm from the
copper target during 1 s exposure time (1000 laser shots, EL ¼ 100 mJ).

Fig. 3. Dependence of total (black) and Ka line (gray) X-ray yields on the
laser pulse energy measured at the distance of 20 cm from the Copper
target, irradiated by 40-fs laser pulses focused in air atmosphere.
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The acquired spectra allow concluding that the mechanism
of X-ray generation (at least characteristic lines from the solid
target) is not connected with the target heating by laser radi-
ation passed thought the air plasma. On the contrary, the fast
electrons created inside air plasma filament interact with solid
target surface and initiate characteristic X-ray radiation of the
target atoms. Note that this consideration is mainly appli-
cable for relatively low laser intensities (IL , 1015 W/
cm2). With the increase of laser intensity, the mechanism
of direct target excitation by laser radiation will make the
main impact in X-ray generation.

APPLICATION FOR RADIOGRAPHY

X-ray emission of the described air-based source was used
for radiography imaging of different test objects, including
micrometer thick wires, thin foils, and low contrast biological
samples (see Figs. 4 and 5). Figure 4 shows shadowgraphy
image of the intersection of three metal wires of 70 mm thick-
ness that confirms the spatial resolution of 30 mm. Figure 5
contains the image of biological sample in the large field
of view .2 cm2. Here, the internal object structure is also
resolved in spite of the fact that overall object thickness is
only about 0.5 mm. On the inset, the trace of the insect leg
image demonstrates its hollow internal structure. Also the
details and features on insect wings having the thickness
less than 10 mm are well distinguished that verifies the
ability of the suggested imaging technique.

The increase of the laser pulse energy above the mJ level,
should lead to the generation of fast electrons with up to
hundred keV energies. This will allow generating more ener-
getic photons in order to perform the diagnostics of mem-
branes and medical samples with millimeter thicknesses. It
should be noted, that using of the liquid targets in the same
experimental conditions (see, for example Hatanaka et al.,
2008) is also very promising.

CONCLUSIONS

The approach to provide a common X-ray source for con-
venient radiography imaging by use of table-top femtose-
cond laser is successfully examined. Short laser pulse of
moderate intensity ≤ 1015 W/cm2 propagated and focused
in air of room pressure causing the gas to ionize the target
surface. The fast electrons of up to 10 keV energies produced
in air plasma and effectively induced K-shell radiation of the
copper target. The spectral distribution and geometry

Fig. 4. X-ray shadowgraphy image of the test object (several Copper wires
of 70 mm thicknesses) placed at the distance 140 mm from the source.
Exposure time was 30 s. Inset shows the transmission densitogram of
image fragments along the arrows.

Fig. 5. X-ray shadowgraphy image of an insect obtained in the air atmosphere in 90 sec exposure time by using table-top fs-laser plasma
source and Copper target. Graph inset shows intensity profile measured at the vacuum-insect leg interface.
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parameters of the source are determined. The source is exper-
imentally proven to be applied for absorption imaging of
different microstructures situated at room atmosphere
environment. The advantages of the proposed method are
in the smart setup of investigated object within air environ-
ment; spectral range tunability and sensitivity to
weakly-absorbed or micron-thin details.
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